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Abstract The opening of the cyclosporin A-sensitive permeabil- 
ity transition pore (MTP) in deenergized mitochondria was in- 
duced only at millimolar Ca 2÷. Pretreatment of the mitochondria 
with 'inducers', such as duroquinone and phenylarsine oxide, al- 
lowed observing the pore opening at 0.01-0.1 mM Ca 2+. Duroqui- 
none caused a rapid (within 20 s) NAD(P)H oxidation which was 
followed by a slow (20 rain) induction of the pore sensitive to low 
Ca 2÷. Phenylarsine oxide capable of cross-linking of vicinal SH- 
groups caused pore formation without the oxidation of 
NAD(P)H. The pore opening by both 'inducers' was prevented 
by N-ethylmaleimide. We propose that oxidation or cross-linking 
of critical dithiol(s) in membrane proteins increase the sensitivity 
of a putative 'Ca2+-sensor ' that regulates the permeability transi- 
tion pore opening. 
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in the membrane r sulted in a more than 100-fold increase in 
the sensitivity of MTP to Ca 2÷. 
2. Materials and methods 
Mitochondria from rat liver were isolated as described [8] in the 
presence of 0.25 mM EGTA. The medium for the last washing and 
storage contained no EGTA. The measurement medium contained: 200 
mM sucrose, 20 mM Tris-MOPS, 20]zM EGTA, 2,uM rotenone, 1/zM 
A23187, 5 ¢tM CCCP, pH 7.4. The concentration of mitochondrial 
protein was 0.6 mg/ml. The total concentration f Ca was determined 
by atomic absorption spectroscopy and the concentration f free Ca 2÷ 
was calculated using the standard software. NAD(P)H was measured 
at 340-370 nm with an Aminco DW-2000 spectrophotometer. Light- 
scattering was measured at540 nm with a Cary-219 spectrophotometer. 
The samples were stirred continuously and thermostated at 25°C. 
3. Results 
I. Introduction 
Accumulation of Ca 2+ in mitochondria from various animal 
tissues induces the opening of a large pore in the inner mem- 
brane (see [1] for review). This pore (permeability ransition 
pore; MTP) permits an equilibration of solutes with molecular 
weights of 1,500 or less [2] and is inhibited by cyclosporin A
(CsA) [3]. The permeability ransition is observed only in the 
presence of Ca 2+ and is fully reversed when Ca 2+ is removed. 
Various agents which cause oxidation of matrix NAD(P)H or 
membrane dithiols stimulate the MTP opening [1]. The pore 
opening is suppressed at the matrix pH values below 7.0 [4] or 
by Mg 2+ and ADP [5]. Bernardi et al. [4-7] have found that 
probability of the MTP opening increases with a decrease in the 
membrane potential and that various effectors, including ADP, 
Mg 2+ and prooxidants, modify the voltage-dependence of the 
pore. 
The present study was intended to bypass the complicated 
voltage-sensitive MTP regulation. The CaZ÷-triggered permea- 
bility transition was studied in deenergized mitochondria when 
the concentration f Ca 2+ and pH in the matrix were under 
control. It was shown that the oxidation of NAD(P)H caused 
by duroquinone and the subsequent formation of disulphides 
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3.1. Induction of the permeability transition by duroqu&one in 
deenergized mitochondria 
The permeability transition of mitochondria n the sucrose 
medium results in a high amplitude swelling when the mem- 
brane becomes permeable tosucrose. A decrease in the absorb- 
ance (at 540 nm) of a mitochondrial suspension is proportional 
to the fraction of mitochondria with an open permeability ran- 
sition pore (MTP) [5,6]. In contrast to energized mitochondria, 
Ca 2+ fails to cause the pore opening per se up to very high 
concentrations (1-5 mM) in the presence of an uncoupler. In 
uncoupled mitochondria at24/.tM Ca 2+ the addition of 5 ¢tM 
duroquinone (DQ) induced the pore opening after a lag phase 
of 2 min (Fig. 1A, trace 1). This effect was not observed in the 
absence of Ca 2+ and was completely prevented by cyclosporin 
A (CsA) (Fig. 1A, traces 5 and 6). Similar transitions but with 
various lag phases were observed with the well-known 'pore 
inducers', namely tert-butylhydroperoxide and phenylarsine 
oxide (not shown). 
The induction of the MTP opening by DQ was inhibited by 
various agents which suppressed oxidation of NAD(P)H in 
mitochondria. In the absence of exogenous substrates, 5/zM 
DQ induced a rapid and complete oxidation of NAD(P)H 
under our experimental conditions when rotenone, an uncou- 
pler, Ca2+-ionophore and Ca 2+ were added. The second addi- 
tion of DQ had no effect (Fig. 1B, trace 1). When gluta- 
mate + malate mixture was added before DQ, the steady-state 
concentration f reduced nucleotides was higher than in control 
(Fig. 1 B, trace 2) and the lag phase of pore induction was longer 
(Fig. 1A, trace 2). An inhibitor of the respiratory chain, mixo- 
thiazole, prevented reoxidation of reduced DQ, allowed the 
recovery of NAD(P)H after DQ-induced oxidation (Fig. I B, 
trace 3) and inhibited MTP opening (Fig. 1A, trace 3). Antimy- 
cine produced the same effects whereas in the absence of sub- 
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strates these inhibitors had little effect on NAD(P)H level and 
the MTP opening. Dicumarol, an inhibitor of D,T-diaphorase 
(the enzyme that catalyzes reduction of DQ by NAD(P)H) also 
suppressed NAD(P)H oxidation (Fig. 1B, trace 4) and the MTP 
opening (Fig. 1A, trace 4). The effects of dicumarol were ob- 
served both in the presence and in the absence of glutamate and 
malate. 
The data presented in Fig. 1 indicate that the DQ-induced 
permeability ransition started within several minutes after the 
accomplishment of the NAD(P)H oxidation. These experi- 
ments, however, allow no analysis of the complete time course 
of the DQ action. For this purpose, the MTP opening was 
triggered by Ca 2+ addition to mitochondria preincubated with 
DQ for various periods. The lag phase of the CaZ+-triggered 
transition became shorter with increase of preincubation period 
with DQ and reached minimal value after 20 min (Fig. 2B, trace 
1). Added before DQ, dicumarol much delayed (Fig. 2B, trace 
2) whereas glutamate +malate mixture prevented the MTP 
opening (data not shown). These data demonstrate hat the 
rapid NAD(P)H oxidation induced by DQ is followed by a slow 
process of the pore 'assembly'. This process was prevented by 
N-ethylmaleimide (NEM) (Fig. 2A, trace 5). NEM did not 
affect the DQ-induced NAD(P)H oxidation, but probably 
blocked oxidation of sulfhydryl groups in the membrane pro- 
teins, involved in the MTP regulation. 
3.2. The CaZ+-triggered permeability transition in deenergized 
mitochondria pre-treated with duroquinone 
The Ca2+-induced MTP opening in deenergized beef heart 
mitochondria has been described earlier by Hunter and 
Haworth [9]. We reproduced these observations in experiments 
with rat liver mitochondria and found that the transition could 
be induced only at a very high concentration f Ca 2+ (1 5 mM). 
The kinetics of the process varied significantly from prepara- 
tion to preparation and depended on the time of mitochondria 
storage after isolation. It seems probable that the properties of 
mitochondria depend on the combined action of endogenous 
inducers and protectors of the pore opening (e.g. NAD(P)H, 
ADP, Mg 2+, etc.). 
Micromolar Ca 2+ induced the MTP opening in the mitochon- 
dria preincubated with DQ (Fig. 2A). The dependence of the 
lag period (the reverse values (I/r) are plotted as a measure of 
the rate of induction) on the concentration f Ca 2+ is presented 
in Fig. 2C (curve 1). It was strongly affected by ADP and Mg 2÷, 
which not only increased the concentration of Ca which in- 
duced a half-maximum effect, but also decreased the rate of 
induction at saturated concentrations of Ca 2+ (Fig. 2C, curves 
2 and 3). These kinetics do not reflect he redistribution fCa 2+ 
between subpopulations of mitochondria ( s was proposed for 
coupled mitochondria [10]) since the membrane potential, Ca 2+ 
gradient and restrictions on Ca 2+ transport were avoided under 
our experimental conditions. 
The experiments were performed in the low-salt sucrose me- 
dium to exclude the effects of various ion transport systems in 
the inner mitochondrial membrane. An intramitochondrial pH,
measured in BCECF-loaded mitochondria [4], was equal to 
6.7-6.8 in this medium in the presence ofprotonophore (CCCP) 
and Ca2+/H-exchanger (A23187). This value was not changed 
significantly either after a 20-min incubation (with or without 
5 ~tM duroquinone) oron addition of Ca (up to 0.5 mM). These 
data indicate that the Donnan membrane potential of 40 50 
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Fig. 1. The effect ofduroquinone (DQ) on the swelling ofmitochondria 
(A) and NAD(P)H oxidation (B). The conditions as described insection 
2. Experiments in panels A and B were carried out in parallel. Trace 
numbers are the same for both panels. In all experiments (except for 
trace 5, panel A) 40/IM of Ca 2÷ were added and the final concentration 
of free Ca 2+ was 24/tM. Trace 5 = without added Ca 2+, the concentra- 
tion of free Ca 2+ was 3 x 10 -9 M. Traces 2--4 = 4 mM glutamate and 
1 mM malate (Glu + Mal) were added (except for trace 4, panel A). 
5 mM duroquinone (DQ; traces 1 6), 5/~M mixothiazole (Mix; trace 3), 
1/,tM dicumarol (Dicum; trace 4) or 1 ~tM cyclosporin A (CsA, trace 6) 
were added when indicated. Trace 7 -- without duroquinone. 
mV (negative inside) exists under our experimental conditions. 
The effects of duroquinone and phenylarsine oxide in the me- 
dium containing 100 mM potassium gluconate and valinomy- 
cin, which abolishes the mitochondrial gradient of pH, were 
similar to these was observed in the presence of CCCP and 
A23187. Nevertheless, in the presence of potassium gluconate 
and valinomycin, the Ca 2+ dependence of the pore opening was 
slightly shifted to higher Ca 2+ values. 
Similar CaZ+-dependent induction of the MTP opening was 
observed with mitochondria preincubated for 5 min with 25 #M 
phenylarsine oxide (not shown). PhAsO can induce cross-link- 
ing of vicinal thiols but fails to cause the NAD(P)H oxidation 
in an experiment similar to that depicted in Fig. 1. NEM pre- 
vents the effect of PhAsO and this is in agreement with the 
observation reported earlier [11]. 
4. Discussion 
The studies on the permeability transition in deenergized 
mitochondria allow us to exclude the effects of membrane po- 
tential, of pH- and Ca2+-gradients. The effects of 'pore induc- 
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Fig. 2. The swelling of mitochondria induced by Ca `'+ after preincuba- 
tion with duroquinone. (A) The swelling was assayed after the incuba- 
tion of mitochondria with 5 HM duroquinone for 20 rain (except for 
trace 4 where incubation was 10 min) as described insection 2. Trace 
1: 160pM Ca > was added, the concentration f free Ca > was 141 pM. 
Trace 2 6:40 pM Ca 2÷ was added, the concentration f free Ca 2÷ was 
24/IM. 100 pM ADP (trace 3), 25 pM NEM (trace 5), 250 pM MgSO4 
(trace 6) were added when indicated. (B) The lag period (r) of the MTP 
opening triggered by the addition of 40 pM Ca > was calculated as it 
was shown in panel A. The inverse values of lag (l/r) were plotted 
against he time of preincubation with 5 pM duroquinone without 
(curve 1) and with (curve 2) an addition of 1 HM dicumarol. (C) The 
dependence of the lag period of the MTP opening (the inverse values, 
1 Iv) on the concentration f free Ca >. Mitochondria were preincubated 
for 20 min with 5 HM duroquinone. 100 pM ADP (curve 2) or 250 HM 
MgSO4 (curve 3) were added just before Ca 2÷ addition. Curve 1 : with- 
out any additions before Ca 2+. 
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ers' and Ca 2+ on the MTP opening can be distinguished. In this 
paper we studied some aspects of the duroquinone-induced 
pore opening. The pore induction correlated with the extent of 
NAD(P)H oxidation in the presence of DQ (Fig. 1). Dicumarol, 
which inhibits the D,T-diaphorase catalyzed reduction of DQ 
to hydroquinone, strongly suppressed the MTP opening (Fig. 
1 A, trace 4). These data suggest that DQ reduction to semiqui- 
none catalyzed by the NADPH-cytochrome P450 reductase and 
coupled to the production of superoxide and hydroxyl radicals 
is not crucial in the mechanism of induction. These reactions 
are probably more important in the case of menadione [12], 
benzoquinone [13] and dibromothymoquinone [14]which also 
induce the MTP opening. 
DQ induced slow changes in the pore properties after a rapid 
NAD(P)H oxidation (Fig. 2B). This effect was completely pre- 
vented by NEM (Fig. 2A). NEM also caused a slow (rm = 20 
min) inhibition of the Ca2+-induced MTP opening if it was 
added to mitochondria preincubated for 20 min with DQ (not 
shown). These data indicate that an equilibrium was established 
between oxidized and reduced states of critical dithiol(s) upon 
the oxidation of NAD(P)H. NEM modified these thiol groups 
and stabilized the component of the pore in the 'reduced' state. 
This modification prevented disulphide formation, when NEM 
was added before DQ, and shifted the equilibrium to the 're- 
duced' state, when NEM was added after the accomplishment 
of the DQ-induced oxidation. Slow NAD(P)H hydrolysis and 
ADP-ribosylation of membrane proteins, proposed by Richter 
[15], cannot be excluded but are not obligatory. 
Phenylarsine oxide not decreasing the NAD(P)H content but 
directly cross-linking protein thiols induced a similar Ca 2+- 
triggered pore opening under our experimental conditions (not 
shown). Thiol oxidation has been proposed earlier to be a 
critical step in the permeability ransitions induced by various 
prooxidants [1,16]. It was attributed to the deenergization f 
mitochondria by direct membrane modification or through ac- 
tivation of endogenous phospholipase A2 [16]. The data pre- 
sented here strongly indicate that thiol oxidation or crosslink- 
ing increases the sensitivity of the pore opening mechanism to
Ca 2+. 
In deenergized mitochondria the MTP opening was induced 
only at millimolar Ca 2+. The pretreatment of mitochondria with 
'inducers', namely DQ (Fig. 2) or PhAsO, allowed us to observe 
the pore opening at 0.01 0.1 mM Ca 2÷. The effect of Ca 2+ (in 
the absence of ionophore) was prevented by the inhibitor of 
Ca>-uniporter ruthenium red (not shown), therefore the in- 
tramitochondrial Ca2+-binding site(s) was involved. The sensi- 
tivity of this 'Ca2+-sensor ' was increased more than 100 times 
by oxidation or cross-linking of critical dithiol(st in membrane 
proteins and decreased by ADP and Mg 2+ (Fig. 2C). These 
properties coincide with the properties of the 'voltage-sensor' 
that was described by Bernardi et al. [5,7]. It was shown that 
the probability of the MTP opening in energized Ca2+-loaded 
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mitochondria was increased with the decrease in the membrane 
potential. The sensitivity of this system (the gating potential) 
was enhanced by various prooxidants and thiol cross-linkers [7] 
and lowered by ADP and Mg > [5]. The coincidence in the 
properties of the two 'sensors' can be explained in two ways: 
(i) the pathways of signals from the 'sensors' intersect and this 
intersection is a target for the 'tuning' effects described above; 
(ii) the two sensors are the same molecular device. In the latter 
case the voltage sensing could be a result of voltage-dependent 
changes in the affinity of the Ca2+-binding site(s). This hypoth- 
esis is in good agreement with the observation of Bernardi et 
al. [5] that elevation of the Ca 2+ load increases the gating poten- 
tial for the MTP opening. 
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